Purpose: Patients with anaplastic lymphoma kinase (ALK)-rearranged non-small-cell lung cancer (NSCLC) inevitably develop resistance to ALK inhibitors. New diagnostic strategies are needed to assess resistance mechanisms and provide patients with the most effective therapy. We asked whether single circulating tumor cell (CTC) sequencing can inform on resistance mutations to ALK inhibitors and underlying tumor heterogeneity in ALK-rearranged NSCLC.
Introduction
Selective anaplastic lymphoma kinase (ALK) tyrosine kinase inhibitors (TKIs) have dramatically transformed the therapeutic landscape for patients with ALK-rearranged non-small-cell lung cancer (NSCLC). The first FDA-approved ALK inhibitor was crizotinib which produced in randomized phase III trials significant improvements in objective response rates and progression-free survival (PFS) compared with chemotherapy, but most patients relapsed within the first year of treatment (1) (2) (3) . Second-generation ALK inhibitors including ceritinib, alectinib, or brigatinib have been approved for patients who progressed on crizotinib, although resistance almost always develops (4) (5) (6) (7) . Due to their ability to improve PFS and control brain metastases, these drugs are also frequently prescribed upfront. Third-generation ALK inhibitors including lorlatinib and ensartinib are currently investigated (8, 9) . Lorlatinib demonstrated clinical activity in resistant patients previously treated with two or more ALK inhibitors including second-generation inhibitors (10) . Multiple different resistance mechanisms to ALK inhibitors were identified in postprogression tumor specimens including either "on-target" genetic alterations or "off-target" mechanisms, which may involve activation of parallel/downstream pathways or lineage transdifferentiation (6, 11) . In published series, "on-target" resistance mechanism to crizotinib was mediated by somatic mutations distributed throughout the ALK kinase domain or gene copy-number gains in approximately one third of patients (12) (13) (14) (15) . In the majority of crizotinib-resistant patients, resistance occurred through the activation of other tyrosine kinase receptors such as EGFR, KRAS, or c-KIT, or an unidentified mechanism (12, 16) . In some cases, multiple resistance mechanisms to crizotinib were observed in the same patient as well as the emergence of an ALK gene fusionnegative tumor (12, 16) . In approximately half of cases, resistance to second-generation ALK inhibitors is caused by emergence of additional ALK mutations, the most common being the solvent-front substitution ALK G1202R (13) (14) (15) . Broad gene testing by comprehensive next-generation sequencing (NGS) revealed a high rate ($40%) of alterations in multiple bypass activating pathways including gene fusions (such as RET), copy-number variations, and somatic mutations in patients resistant to multiple lines of ALK-TKIs, which can be concomitant to the activation of ALK via ALK mutations (14, 15) . Using mutagenesis screening and in vivo mouse models, resistance to lorlatinib was found to be mediated by compound ALK mutations (i.e., mutations located on the same allele; refs. 17, 18) . The analysis of repeated tumor biopsies from lorlatinibresistant patients indicated that compound ALK mutations were developed in a stepwise fashion in patients treated with sequential ALK inhibitors (17, 18) . Because of the heterogeneity, complexity, and dynamic nature of resistance, improved outcomes for ALK-rearranged patients necessitate to personalize treatments based upon the monitoring of tumor mutational profiles and the identification of specific ALK resistance mechanism (19) .
By fostering tumor adaptation and therapeutic failure, tumor heterogeneity represents a major challenge to personalized medicine. Single-site tumor biopsies may not capture the full spectrum of genetic alterations and heterogeneous resistance profiles present within a tumor and metastases (20, 21) . In addition, repeated tumor biopsies to identify secondary resistance mutations are invasive and in certain cases not feasible. New tools are needed to better evaluate tumor heterogeneity and monitor tumor mutational profiles over time and throughout disease evolution. The liquid biopsy has emerged as a noninvasive and easily accessible alternative to tumor biopsies to assess tumor mutational status and monitoring genetic changes in "real-time" (22, 23) . Among the liquid biopsy components, the circulating tumor DNA (ctDNA) is mainly passively released from apoptotic or necrotic tumor cells and has rapidly emerged in the last years as a useful and sensitive tool to monitor genetic alterations predictive of tumor relapse or minimal residual disease occurrence in posttreatment setting (24) . Longitudinal ctDNA genotyping was recently reported to be an effective tool for detecting ALK mutations and tracking resistance mechanisms in patients progressing on ALK-TKIs (25, 26) . In contrast to ctDNA, circulating tumor cells (CTC) are either apoptotic or alive, but viable CTCs contain tumorigenic cell clones with high relevance for metastatic progression (27) . They are likely released from spatially distinct metastatic sites and may provide a more comprehensive genomic picture of tumor content than a single-site tumor biopsy (28) . Importantly, CTCs can be analyzed at the singlecell level and exploited to manage the considerable challenge of tumor genetic heterogeneity and therapeutic resistance.
Using various CTC technologies, our and other groups have evaluated the clinical interest of CTCs for predictive molecular biomarker detection and genomic characterization in NSCLC (28) (29) (30) . We previously developed filter-adapted FISH (FA-FISH) on ISET (isolation by size of epithelial tumor cells) microfilters and reported for the first time the possibility of detecting ALK and ROS1 rearrangements in CTCs from NSCLC-positive patients (29) (30) (31) . More recently we monitored CTC subsets with distinct ALK-FISH patterns on crizotinib treatment and reported a significant association between levels of CTCs with ALK copy-number aberration (CNA) and PFS (32) . Because of the technical challenges imposed by the rarity and biological heterogeneity of CTCs, there are to our knowledge, very few studies that exploited single CTC analysis to investigate therapeutic resistance mechanisms and underlying tumor genetic heterogeneity in patients treated with TKI (33) . Herein, we used three different technologies for individual CTC isolation and a rigorous sequencing workflow to investigate resistance mutations in CTCs from 17 crizotinibor lorlatinib-resistant ALK-rearranged patients. We showed that sequencing CTCs at the single-cell level enabled to identify both "on-target" and "off-target" resistance mutations to these ALK-TKIs. This exploratory study provides new insights into the therapeutic resistance landscape and underlying tumor heterogeneity in ALK-rearranged patients.
Translational Relevance
The standard-of-care treatment for anaplastic lymphoma kinase (ALK)-rearranged non-small-cell lung cancer is based on selective ALK inhibitors, but drug resistance almost always develops leading to clinical relapse. Resistance to ALK inhibitors can be fostered by multiple different molecular mechanisms, identification of which is critical to provide the most effective therapy. As repeated tumor biopsies are not always feasible and representative of tumor heterogeneity, noninvasive alternative strategies are crucial to develop. Circulating tumor cells (CTCs) are likely released from spatially distinct metastatic sites and may provide a comprehensive genomic picture of the heterogeneity of resistance mechanisms to ALK inhibitors. Here, we show that sequencing CTCs at disease progression on crizotinib or lorlatinib can reveal highly heterogeneous mutational profiles in both ALK-independent and ALK-dependent pathways that cannot be detected in the corresponding tumor biopsy. Our results indicate that single CTC sequencing may be a unique tool to identify therapeutic resistance mechanisms. This can help clinicians to personalize ALK-targeted therapies which may ultimately translate into improved patient outcomes.
Materials and Methods

Patients
The study (IDRCB2008-A00585-50) was conducted at Gustave Roussy in accordance with the Declaration of Helsinki. It was authorized by the French national regulation agency Agence Nationale de S ecurit e du Medicament et des produits de sant e and approved by the Ethics Committee and our Institutional Review Board. Informed-written consent was obtained from all patients. From March 2011 to May 2017, stage IV ALK-rearranged NSCLC patients were recruited into the study. We present here the results obtained in the first 17 patients analyzed at resistance to an ALK inhibitor. ALK rearrangement was tested in tumor by FISH, immunochemistry, or reverse transcription-PCR. Peripheral blood samples were collected into EDTA and Cell Save tubes at progression disease (PD). Medical records were reviewed, and clinical characteristics were collected retrospectively.
Description of the strategies for CTC enrichment, detection, and isolation ISET-filtration, immunofluorescent staining, scanning, and isolation of ISET-enriched CTCs by laser microdissection. CTC enrichment by the ISET-filtration system (RareCells) was carried out as previously reported (31, 34, 35) . The sensitivity of ISET-filtration was previously reported by Vona and colleagues (35) . ISET-filters are composed of 10 spots, and each spot (filtration of 1 mL of blood per spot) was cut out individually for independent analysis. Individual spots were immobilized on glass slides using adhesive ribbon. Before immunofluorescence staining, a "snick" was made on each spot to allow precise relocation of cells on the laser microdissector LMD6500 (Leica Biosystems Richmond). Spots were rehydrated 5 minutes in TBS 1X (Thermo Fisher Scientific) at room temperature, and cell permeabilization was performed in TBS 1X-Triton X-100 0.2% (Roche, Sigma-Aldrich) for 7 minutes at room temperature. After washing with TBS 1X, cells were incubated 25 minutes in a humidity dark chamber with antibodies against epithelial, mesenchymal, and leukocyte markers. Epithelial markers included a mouse anti-pancytokeratins (CK) monoclonal antibody (clone A45-B/B3, AS Diagnostik) and a mouse anti-CK 7 (Dako) conjugated to Alexa Fluor (AF) 488 using the Zenon Mouse IgG Labeling Kit (Thermo Fisher Scientific) and a mouse anti-EpCAM/CD326 AF488 (clone VU1D9, Novus Biological) monoclonal antibody. An anti-N-cadherin AF546 (clone 32/NCadherin, BD Biosciences) was used as mesenchymal marker, and an anti-CD45 APC (clone HI30, BD Biosciences) was used as leukocyte marker. After two washes with TBS 1X-Tween20 0.05% (Dako) and one wash with TBS 1X, Hoechst 33342 (Sigma-Aldrich) was added and incubated for 10 minutes at room temperature. After two washes with TBS 1X-Tween20 0.05% and one wash with TBS 1X, ISET-spots were mounted between a slide and coverslip using Ibidi mounting medium (Biovalley) and immediately scanned with the ARIOL scanner (Leica Biosystems Richmond). Candidate CTCs were classified according to epithelial and mesenchymal marker expression and/or morphologic characteristics as previously described (31) . A software called ALTER (Leica Biosystems Richmond) was developed in collaboration with Leica Biosystems to precisely transfer the coordinates of CTC positions on filters to the laser microdissector LMD6500. Slides were washed successively in TBS 1X-Tween20 0.05% and in TBS 1X to remove the coverslip and mounting medium. Then, slides were dried at 45 C for 5 minutes before being ionized so as to avoid static electricity during microdissection. After relocation using the 20X magnification, individual CTCs were microdissected from ISET-filters using the UV laser and collected in the cap of Opticaps 0.2 PCR tubes (Leica Biosystems Richmond). Individually microdissected CTCs were either grouped per pool of three to five CTCs or collected as single cells. Tubes were frozen at À80 C for at least 30 minutes.
Enrichment and detection of CTCs by the CellSearch and isolation of CTC-enriched using the DEPArray system. CTC enrichment using the CellSearch system (Menarini Silicon Biosystems) was performed using the CTC Kit on 7.5 mL of blood collected in CellSave tubes as previously described (34, 36) . At the end of the run, the cartridge was immediately removed from the MagNest device to prevent cells from sticking to the cartridge surface and stored at 4 C in the dark. CTCs were identified as DAPI þ /CK þ /CD45 À cells and enumerated according to the manufacturer's guidelines. Cells were removed from the Cell-Search cartridge, and CTCs were isolated using the DEPArray system (Menarini Silicon Biosystems) according the manufacturer's protocol (37) . Enrichment of CTCs by RosetteSep, immunofluorescent staining, and isolation of CTCs by fluorescence-activated cell sorting. Negative selection of CTCs by the RosetteSep Human CD45 Depletion Cocktail (StemCell Technologies; https://www.stemcell.com/ technical-resources/product-information/product-informationsheet.html) was performed according to the manufacturer's protocol starting from blood samples collected in CellSave tubes. Cells collected were washed with PBS 1X and centrifuged 5 minutes at 1,600 rpm. The cell pellet was suspended with 100 mL of fixative solution medium A from the Fix&Perm Kit (Thermo Fisher Scientific) and washed with PBS 1X. Cells were centrifuged 5 minutes at 1,300 rpm. The cell pellet was resuspended with 100 mL of permeabilization solution medium B from the Fix &Perm Kit and a rabbit anti-ALK (clone D5F3, Cell Signaling Technology) monoclonal antibody and incubated 20 minutes in the dark at room temperature. After a PBS 1x wash and a centrifugation, a secondary goat anti-rabbit AF488 antibody and 50 mL of staining reagent containing cytokeratins-PE (cytokeratins 8, 18, 19) and CD45-APC antibodies from the CellSearch reagent kit were added. The cell suspension was incubated 20 minutes in the dark at room temperature and then centrifuged. The cell pellet was resuspended in 300 mL of PBS 1X and kept at þ4 C. Hoechst 33342 was added before cell sorting. Individual CTC isolation was performed using a BD FACSARIA III cell sorter (BD Biosciences) equipped with four lasers (a 405-nm laser, a 488-nm laser, a 561-nm laser, and a 640-nm laser). The system was run with 20 psi pressure, a 100-mm nozzle, and the yield precision mode. Cell sorting started by gating Hoechst positive elements. The second gate enabled selecting CD45-APC-negative events. Three populations including DAPI þ /CD45-APC À /CK-PE þ /ALK-AF488 À , DAPI þ /CD45-APC À /CK-PE À /ALK-AF488 þ , and DAPI þ /CD45-APC À /CK-PE þ /ALK-AF488 þ cells were sorted and recovered in 96-well plate. As a control, 200 DAPI þ /CD45-APC þ /CK-PE À / ALK-AF488 À cells were sorted in a well. Plates were centrifuged 10 minutes at 1,200 rpm and frozen at À20 C for at least 30 minutes.
Cell lines
The description of the cell lines is provided in the Supplementary Method section.
Whole-genome amplification, quality controls, and dsDNA conversion
Whole-genome amplification (WGA) was performed using the Ampli1 WGA Kit (Menarini Silicon Biosystems) according to the manufacturer's instructions. Quality of Ampli1 WGA products was checked as previously reported (38) . To increase the total dsDNA content in Ampli1 WGA products, ssDNA molecules were converted into dsDNA molecules using the Ampli1 ReAmp/ds Kit (Menarini Silicon Biosystems).
Isolation of genomic DNA from blood and tumor biopsies
Isolation of DNA from formalin-fixed paraffin-embedded tumor biopsies and whole-blood is described in the Supplementary Method section.
Library preparation and Ion Torrent-targeted NGS
Ampli1 WGA products were cleaned up with 1.8X SPRIselect Beads (Beckman Coulter) and then quantified using Qubit fluorometer (Life Technologies) according to the manufacturer's instructions. To analyze cancer-gene sequence variants, two targeted panels were used: the Ampli1 Cancer Hotspot Panel Custom Beta adapted from Ion Ampliseq CHP v2 by Menarini Silicon Biosystems covering 2,265 COSMIC hotspots regions across 315 amplicons of 48 cancer-related genes commonly mutated in cancer and an in-house panel targeted the tyrosine kinase domain in ALK and EGFR genes. The primers for the in-house panel were designed using the Ion AmpliSeq Designer with the assistance of the White-Glove Ion Torrent Team from Thermo Fisher (Life Technologies). According to recommendations of the Ion Ampli-Seq library kit 2.0 protocol, 10 ng of each sample (CTCs, DAPI þ / CD45 þ cells, germline control DNA, biopsy) were amplified with the Ion AmpliseqHifi Master Mix. Primers used for amplification were partially digested by FuPa enzyme. The Ion Xpress Barcode adapters were added to amplicons during the ligation step to allow for subsequent pooling of the samples according to the manufacturer's instructions. Each individual library was quantified using the Qubit fluorometer. An equal amount of each library was pooled. Library pool was used for emulsion PCR amplification, and template-positive Ion Sphere Particles were enriched using the Ion OneTouch 2 Instrument or the Ion OneTouch ES Instrument or the Ion Chef System (Life Technologies). Sequencing was performed using appropriate Ion chips for the Ion Personal Genome Machine or the Ion S5 System (500 flows).
Library preparation and low-pass whole-genome sequencing
Ampli1 LowPass kit for Illumina (Menarini Silicon Biosystems) was used for preparing low-pass whole-genome sequencing (WGS) libraries from single cells. For high-throughput processing, the manufacturer's procedure was implemented in a fully automated workflow on a STARlet Liquid Handling Robot (Hamilton). Ampli1 LowPass libraries were normalized and sequenced by HiSeq 2500 instrument using 150 SR rapid-run mode.
Bioinformatic workflow for targeted NGS analysis
For targeted NGS analysis, the workflow of the bioinformatics analysis was established with the GeCo-advanced genomic consulting service from Integragen.
Sequence alignment and variant calling. Base calling was performed using the Real-Time Analysis software sequence pipeline (2.7.7) from Illumina with default parameters. Sequence reads from amplified DNA (CTCs and DAPI þ /CD45 þ cells) were trimmed for Ampli1 adapters with Cutadapt (1.14) (39) . Reads were then aligned to the human genome build hg38/GRCh38.p7 using the Burrows-Wheeler Aligner (BWA) tool (40) . Duplicated reads were removed using Sambamba (41) . Variant calling of single-nucleotide variants (SNV) and small insertions/deletions was performed using the Broad Institute's GATK Haplotype Caller GVCF tool (3.7) for germline variants and MuTect2 tool (2.0, -max_alt_alleles_in_normal_count ¼ 2; -max_alt_allele_in_ normal_fraction ¼ 0.04; -maxReadsInRegionPerSample ¼ 100000) for somatic variants (42) (43) (44) . Ensembl's Variant Effect Predictor (VEP, release 87) was used to annotate variants with respect to functional consequences (type of mutation and prediction of the functional impact on the protein by SIFT.2.2 and PolyPhen 2.2.2) and frequencies in public (dbSNP147, 1000 Genomes phase 3, ExAC r3.0, COSMIC v79) and in-house databases (45) . To rescue variants not detected by Mutect2, we performed a simple base counting using bam-readcount (https://github.com/genome/bam-readcount; parameters -q 20 -b 20). We selected variants with a sequencing depth !50, !10 mutated reads, and a variant allele fraction (VAF) >3% if sample is a pool of CTCs or >10% if sample is a single CTC, and we removed variants detected in matched germline DNA or in !2 unrelated germline DNAs.
Allele drop-out and identification of somatic mutations. CTC and DAPI þ /CD45 þ cell (negative controls) DNA were amplified before sequencing. To estimate allele drop-out (ADO), we selected all reliable variants (single-nucleotide polymorphisms [SNPs]) in germline control or DAPI þ /CD45 þ cell DNA using Haploty-peCaller with the following post-filtering: coverage !50 in both samples, !5% of variant reads. We then compared the proportions of normal/variant reads in the germline control and DAPI þ /CD45 þ cell DNA using the Fisher exact test. Variants with a significant difference (P < 0.05), a VAF between 0.2 and 0.8 in germline control DNA, and <0.1 or >0.9 in the DAPI þ /CD45 þ cell DNA were considered to have undergone allele drop-out.
To determine the number of somatic variants in each CTC, the post-filtering steps were applied:
-SNV variants only -VEP (https://www.ensembl.org/info/genome/variation/ predicted_data.html) impact classification as high or moderate -VAF in the normal (VAF N ) 0.01 -VAF in the tumor (VAF T ) ! 0.03 for pools of CTCs and 0.1 for unique CTC samples an in-house somatic score !3. This score is calculated as follows: somatic_score ¼ ((VAF T Â VAC T )/(1 þ VAC N )) Ã 10 with VAC T and VAC N the variant allele counts in the tumor and normal samples, respectively in hotspot regions depth in normal and tumor samples ! 50 present in less than six other CTC samples
Bioinformatic workflow for low-pass WGS
For the low-pass WGS, the workflow of the bioinformatics analysis was done by Menarini Silicon Biosystems.
Sequence alignment. The obtained FASTQ files were aligned to the hg19 human reference sequence using BWA version 0.7.12 (46) . CNA calling and ploidy determination. CNAs in the data were identified using Control-FREEC software (version 11.0; ref. 47 ). Ploidy level was automatically estimated by Menarini Silicon Biosystems pipeline for each library based on best fitting of profiles to underlying copy-number levels (37) .
Results
Clinical characteristics
Between 2011 and 2017, 17 ALK-rearranged patients had blood sampling for CTC analysis following radiological PD on ALK-TKI. Baseline patients' clinical characteristics are summarized in Table 1 . A majority of patients were nonsmokers or smokers <15 pack-years (88%). All tumors were adenocarcinoma. Fourteen patients experienced PD on first-line treatment with crizotinib, and three previously treated patients progressed on lorlatinib as second-line or beyond. The median treatment duration on crizotinib and lorlatinib was 10.4 months [95% confidence interval (CI), 4.7-20.9] and 13.6 months (95% CI, 4.2-19.1), respectively ( Supplementary  Table S1 ). Eight patients of the crizotinib cohort were reported previously ( Supplementary Table S2 ; refs. 29, 32) . Four patients underwent a postprogression tumor biopsy (detailed patient characteristics in Supplementary Table S2 ). Blood samples were performed on treatment or within 1 week of treatment discontinuation.
Individual CTC isolation and sequencing analysis
Based on our and other studies showing the superiority of ISET-filtration for high CTC recovery, we initially developed a CTC isolation strategy based on ISET enrichment prior to a multistep process including immunofluorescent staining for CTC identification ( Supplementary Fig. S1A ; refs. 28, 34, 48) . Individual CTCs were isolated by laser microdissection (LMD) from ISET-filters and were either analyzed as true single cells or grouped in pools of three to five CTCs of similar phenotype prior to the molecular analysis. Given the fragility of CTCs and risk of DNA degradation during this whole experimental process, we initially analyzed pools of individual CTCs rather than true single CTCs. Because LMD is labor-intensive, timeconsuming, and poorly adapted to the evaluation of clinical specimens, two other strategies were established in parallel. The second strategy involved hematopoietic blood-cell depletion, immunofluorescent staining, and individual CTC sorting by fluorescence-activated cell sorting (FACS; Supplementary  Fig. S1B ). In the third strategy, CTCs were enumerated by the CellSearch and individually isolated using the DEPArray system when they were in sufficient numbers ( Supplementary  Fig. S1C ). According to these three strategies, 126 CTC pools and clusters, and 56 single-CTCs were isolated ( Supplementary  Table S2 ).
A molecular workflow was established including WGA using the ligation-mediated PCR based Kit (Ampli1 WGA kit, Menarini Silicon Biosystems) and qualification of CTC samples and matched negative controls (DAPI þ /CD45 þ cells) followed by targeted NGS using two panels ( Supplementary Fig. S2 ; Supplementary Table S3 ). To investigate "off-target" resistance mutations, we used a first panel covering COSMIC hotspots regions of 48 cancer-related genes commonly mutated in cancer (Supplementary Fig. S2A ; Supplementary Table S3 ). "On-target" resistance mutations were assessed by a second in-house NSCLCspecific panel targeting 14 ALK resistance mutations in the tyrosine kinase domain of ALK ( Supplementary Fig. S2B ; Supplementary Table S3 ). Quality controls of WGA and targeted NGS are shown in Supplementary Fig. S3 . Among the 15 patients for whom the ADO percentage was assessable, variants undergone ADO were found for seven patients (median of 0%; range, 0%-45%). Depth of sequencing was superior to 50X in 95% of CTC samples. For the CTC samples, the median of amplicons with a coverage superior to 50X was 80% (range, 7%-95%). Over all CTC samples from the 17 patients, the uniformity of amplicon coverage was 56% (range, 6%-82%). The whole molecular process was validated by testing pools and single cells from an EGFR-mutant cell line (NCI-H1975) harboring known mutations ( Supplementary Table S4 ).
Detection of mutations in CTCs from crizotinib-resistant patients
We investigated the VAF of resistance mutations in CTCs from 14 ALK-rearranged patients progressing on crizotinib. All patients developed acquired resistance to crizotinib with the exception of P4 who developed primary resistance after 2 months of treatment. As published by our and other groups, ALK-rearranged patients may harbor variable numbers of CTCs with ALK-CNA (29, 32, 49) . We reasoned that one single mutated CTC inside a pool of five CTCs harboring a gain of ALK copies may produce low VAF. We therefore set the VAF threshold at 3% for pools of CTCs and at 10% for single-CTC. Mutations were identified in CTC samples from nine of the 14 patients ( Fig. 1; Supplementary Fig. S4 ). P4 harbored a TP53 R175H mutation (VAF, 100%) in CTC-3 specimen which was also detected in the corresponding tumor biopsy (VAF, 53%). Two additional mutations in PI3KCA and TP53 genes (VAFs, 6%) were detected in CTC-6 specimen of this patient. P12 harbored the ALK T1151M and ALK L1198F mutations in different CTC specimens (VAFs, 14% and 6% respectively). In addition, this patient harbored a total of 16 "off-target" mutations (VAF ranging from 3% to 99%) in different CTC specimens including an EGFR A839V mutation (VAF, 99%). P13 harbored an ALK L1196M mutation in the tumor biopsy that was not detected in CTCs, whereas a total of 19 "off-target" mutations including eight TP53 mutations were detected in the 14 CTC specimens of this patient (VAF range, 3%-32%). P16 presented EGFR D761N and KRAS V14I mutations in different CTC specimens (VAF, 31% and 49% respectively) and additional 14 "off-target" mutations (VAF range, 3%-32%), all in distinct CTC specimens. The ALK R1275Q mutation (VAF, 8%) 
Number of microdissected CTCs (LMD)
Percentage of tumor cells in the biopsy Figure 1 .
Mutational profile of CTCs from ALK-rearranged patients resistant to crizotinib. All samples underwent targeted NGS using the two panels. Examples of P4 who developed primary resistance (A) and P12 (B) and P16 (C) with acquired resistance. The mutational profile of the matched tumor biopsy of P4 is presented. Tumor biopsies were not available for P12 and P16. Individual CTCs isolated by LMD from ISET filters were either grouped in pools of three to five CTCs of similar phenotype prior to the molecular analysis or analyzed as true single cells or CTC clusters. A CTC cluster is composed of more than four CTCs as previously described (31) . In P16, pools of five CTCs were isolated by FACS.
described as activating in patients with neuroblastoma was found in a CTC specimen of P32 but not in the tumor biopsy, as well as nine "off-target" mutations including TP53 (VAF range, 3%-25%; ref. 50). Variable numbers of "off-target" mutations were detected in CTC specimens from P14, P23, P43, and P49 (VAF range, 3%-38%). Eight of the nine patients harbored TP53 mutations in CTC specimens with variable VAF. Thus, cooccurring mutations in various ALK-independent pathways were predominantly identified in CTC specimens of crizotinib-resistant patients with TP53 mutations being the most frequent. Importantly, these mutations were in the vast majority of cases detected in only one CTC specimen. We then asked whether some genes were recurrently mutated across patients and mapped their mutational landscape in ALK-independent signaling pathways (Fig. 2) . The RTK-KRAS pathway gathered the highest number of mutated genes with a total of nine mutated genes across CTC specimens from the 9 patients. EGFR, KRAS, and BRAF were the most frequently mutated genes with frequency of 14.1%, 7.8%, and 6.2% respectively across mutated CTC specimens. Five of the nine patients harbored EGFR mutations in their CTCs. Four patients harbored KRAS mutations and 3 patients BRAF mutations. The TP53 pathway including mainly the TP53 gene was recurrently mutated in about half of CTC specimens. HIF and NOTCH pathways were each mutated in about 9% of mutated CTC specimens and in five of nine patients for both pathways. Overall, these data show a genomic heterogeneity of an unexpected extend in CTCs from ALK-rearranged patients resistant to crizotinib with a variety of cooccurring mutations in genes in ALK-independent pathways, the RTK-KRAS and TP53 pathways being predominant.
Detection of mutations in CTCs from lorlatinib-resistant patients
Mutations were examined in CTCs from three patients (P41, P45, and P48) resistant to lorlatinib. In contrast to crizotinibresistant patients, "off-target" mutations were not detected in CTCs from these patients (data not shown). ALK resistance mutations were only detected in P45. As shown in Fig. 3A, P45 received crizotinib, ceritinib, and brigatinib for 9.5, 1.5, and 3 months respectively prior to lorlatinib for 4 months. At PD on lorlatinib, the patient underwent a tumor biopsy and was sampled for CTC analysis. ALK G1202R and ALK F1174L were detected with a VAF of 29% and 9% respectively in the tumor biopsy ( Fig. 3C ). Sequence analysis indicated that the two mutations were present on the same allele (data not shown; ref. 51 ). By the CellSearch, two CTCs were enumerated in P45, a result which is consistent with the low counts of CTCs commonly detected by this technique in NSCLC patients ( Supplementary Table S2 ). Using the second isolation strategy combining RosetteSepenrichment and FACS, 12 single CTCs were isolated ( Fig. 3B ; Supplementary Table S2 ). ALK resistance mutations were identified in two single CTCs. CTC-1 harbored ALK G1202R/F1174C compound mutations with a VAF of 32% and 31% respectively as shown by sequence analysis (Fig. 3C; Supplementary Fig. S5A ). CTC-10 harbored ALK G1202R/T1151M compound mutation with a VAF of 98% and 100% respectively ( Fig. 3C ; Supplementary  Fig. S5B) . Notably, the ALK G1202R/T1151M compound mutation was not detected in the tumor biopsy. The high frequency of ALK G1202R/T1151M compound mutation could be explained by the loss of ALK-native allele. Given the small number of SNPs that can be detected on chromosome 2 with our targeted panels, available data did not allow to strictly demonstrate this hypothesis (data not shown). LOH is usually observed in chromosomally unstable cancer cells. The analysis of CNA in CTC-10 indeed showed elevated copy-number heterogeneity and whole-genome duplication (WGD; Fig. 3D ; Supplementary Fig. S6 ). WGD was not observed in either CTC-1 or the tumor biopsy ( Fig. 3D ). Overall, these data showed a high degree of mutational heterogeneity in CTCs from P45 with only two CTCs out of 12 harboring distinct ALK resistance compound mutations.
Discussion
We present the first study of mutational profiling of CTCs to identify resistance mechanisms to ALK-TKI in ALK-rearranged NSCLC patients. "Off-target" resistance mechanisms may be predominant on progression on crizotinib. Here, we identified an array of cooccurring mutations in ALK-independent pathways in 9 of the 14 crizotinib-resistant patients, the RTK-KRAS pathway including EGFR, KRAS, and BRAF genes and the TP53 pathway being predominantly mutated across patient CTCs, a result consistent with ctDNA analysis (52) . Overall, our data reveal a genomic heterogeneity of an unexpected extend in CTCs from ALK-rearranged patients resistant to crizotinib with a variety of cooccurring mutations in different genes in ALK-independent pathways, and this information is critical to direct therapeutic choices. Furthermore, in one lorlatinib-resistant patient, we identified two compound ALK mutations, an "on-target" resistance mechanism recently described in in vitro models, and patient biopsies (17, 18) .
The liquid biopsy is noninvasive, easily accessible, repeatable, and may offer a huge benefit for tracking genetic events that are causing resistance. Sequencing CTCs at the single-cell level can provide a comprehensive representation of tumor genomic heterogeneity and resistant cell clones, but it is technically challenging and requires robust workflows for individual CTC isolation, molecular analysis, and bioinformatic processing. It is noteworthy that there is no universal method allowing to capture the morphologic and phenotypical heterogeneity of CTCs (27) . Based on our previous studies showing the superiority of ISETenrichment for high cell recovery in ALK-FISH experiments, we initially used filtration in conjunction to LMD to isolate individual CTCs in crizotinib-resistant patients (29, 31, 32) . This first strategy proved to be technically delicate, time-consuming, and difficult to use for single CTC isolation in a clinical setting. This led us to develop two supplementary strategies, and in particular hematopoietic blood-cell depletion and individual CTC sorting by FACS which proved to be simpler and more effective for isolating individual CTCs. Given the limited volume of blood samples, it was not possible to compare these different approaches in the same patients which may be considered as a limitation of our study. Once isolated at the single-cell level, CTCs must undergo WGA-a mandatory process to identify CTC somatic variants but prone to amplification bias, polymerase errors, and ADO. Several teams including our own have validated the performance of Ampli1 WGA kit combined to NGS for single CTC profiling (38, 48, 53) . A global workflow was established including rigorous qualification of WGA uniformity and NGS data as well as a robust bioinformatic process allowing to distinguish artifactual variants created by the WGA from real mutations present in individual CTCs. Rigorous bioinformatic filters were applied that could also have resulted in the loss of true somatic variants. Clinically relevant mutations can be missed or lost due to the CTC isolation processes or molecular workflow, and this can be the case of P13 for whom the ALK L1196M mutation found in the tumor biopsy was not detected in CTCs. Alternatively, we detected mutations in CTCs that were not detected in the matched singlesite tumor biopsy, including the ALK R1275Q and numerous "offtarget" mutations. This suggests that CTCs harboring these mutations might derive from distinct metastatic sites or represented minor subclones that were undetectable in tumor biopsies.
Furthermore, our study is limited to a single time point (i.e., disease progression) and does not allow us to monitor a longitudinal change in the mutational profile during treatment that correlates to the clinical presentation of resistance. In spite of these limitations, our analysis of CTCs at the single-cell level revealed highly heterogeneous mutational profiles in both ALKindependent and ALK-dependent pathways and a genetic diversity of CTCs that can be clinically informative.
Studies conducted in different cohorts of ALK-rearranged patients have identified somatic mutations in EGFR, KRAS, RIT1, MET, PI3KCA, NF1, NF2, and TP53 genes as bypass resistance mechanisms in post-crizotinib biopsies (6, 12, 14, 15, 19) . By sequencing CTCs at the single-cell level, we detected a large array of mutated genes (n ¼ 20) and cooccurring mutations in nine different bypass oncogenic pathways. The RTK-KRAS and TP53 pathways already identified by others were found predominant, whereas mutated pathways such as cell cycle or JAK/STAT were not previously reported. This result suggests that CTCs are prone to represent a large variety and genetic heterogeneity resistance mechanisms to ALK inhibitors, possibly in reason of their distinct spatial metastatic origins. Strikingly these mutations were in the vast majority of cases detected in only one CTC sample, a result which underlines the great genomic heterogeneity of CTCs. However, this analysis did not allow assessing the nature of the mutations (i.e., driver or passenger) and whether it is clinically relevant. Interestingly, we observed that P12 harbored both CDKN2A G83R and ALK L1198F mutations; this was later described to be sensitive to crizotinib (54) . Despite the presence of the ALK L1198F mutation, resistance to crizotinib may potentially develop through a bypass mechanism involving CDKN2A know to regulate cell-cycle pathways or through a nontested gene. We found that the TP53 pathway was recurrently mutated in about half of CTC specimens. This is in agreement with the study conducted by Yu and colleagues who recently reported that TP53 is frequently mutated in post-crizotinib biopsies and correlates with poor PFS in crizotinib-resistant patients (15) . Overall, our results show that multiple bypass signaling pathways are highly mutated in CTCs from crizotinib-resistant patients. This corroborates with recent results obtained from post-crizotinib biopsies showing the importance of bypass signaling pathway mechanisms in crizotinib and ALK-TKI resistance (14) . This also suggests that CTC sequencing may be a helpful tool to track resistance mutations in bypass pathways, inform drug resistance mechanism, and contribute to develop new therapeutic strategies.
ALK resistance mutations were detected in two single CTCs of P45 who was sequentially treated by four ALK inhibitors including lorlatinib. The first single CTC harbored the ALK G1202R/F1174C compound mutation, whereas the ALK G1202R/F1174L compound mutation was detected in the tumor biopsy obtained at the time of CTC sampling. The G1202, which maps to the solvent-exposed region of ALK protein, and the F1174 adjacent to the C-terminus of the aC helix are common mutated positions described in ALKrearranged patients. The C/L amino acid difference between CTCs and the tumor biopsy may represent an additional level of mutational heterogeneity in P45. A multitude of single ALK kinase domain mutations can emerge on first and second lines of ALK-TKI and are the substrates for diverse compound mutations (17, 18) . Among these, compound mutants containing the ALK G1202R are predicted to be highly refractory to ALK inhibitors based on structural studies. These studies suggested that ALK G1202R can destabilize lorlatinib binding due to steric and conformational effects induced by the arginine substitution, whereas ALK F1174C/L can contribute to increase the ATPbinding affinity of ALK (18) . Combination of ALK G1202R and ALK F1174C/L is expected to significantly impede the efficacy of lorlatinib and favor the emergence of a resistant mutant clone. The most striking finding was the detection of a different and unpublished compound mutation (i.e., ALK G1202R/T1151M ) at a high frequency in a second single CTC that was not detected in the tumor biopsy. This CTC may represent a resistant cell clone that derived from a metastatic site or was undetectable in the singletumor biopsy as mentioned above. This CTC presented a high degree of chromosomal instability and WGD which could have caused loss of ALK-native allele. WGD may precede subclonal diversification of CNAs and subsequent large-scale single-copy losses and has been associated with poor prognosis across cancer types (55) . By generating important genetic diversity, this phenomenon may provide cells with the necessary adaptations to survive blood transit and seed metastases. Overall, data from P45 suggest that genomic analysis of single CTCs can be an effective mean of tracking gene alterations present in minor resistant cancer clones that are not detected in bulk tumor samples or single-site biopsies. These data also highlight the high degree of mutational heterogeneity of CTCs as well as certain genomic features that can provide information on new drug resistance mechanisms.
Altogether, our results show that mutational profiling of CTCs can provide unique insight into the heterogeneous mechanisms of resistance to ALK-TKI that is otherwise inaccessible. These findings emphasize the potential clinical utility of single CTC sequencing to identify circulating resistant cell clones that are arguably an important subset of cancer cells to target and eradicate. By offering real-time monitoring of a constantly evolving disease and by detecting crucial mutations through simple blood draws, CTCs' sequencing may be of great utility to help clinicians to personalize treatment at progression. Further validation and qualification studies are needed within international consortia such as the EU/IMI CANCER-ID consortium for the future implementation of CTC assays into clinical practice. Finally, the clinical relevance of heterogeneity is yet to be defined by demonstrating how it can guide therapy and affect patient outcomes.
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